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DEVICE USING A VIRTUALLY-IMAGED
PHASED ARRAY (VIPA) WITH AN
IMPROVED TRANSMISSION WAVE
CHARACTERISTIC OF OUTPUT LIGHT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a device for generating
wavelength dispersion and a device for compensating for
wavelength dispersion accumulated in an optical fiber trans-
mission line, and in particular, 1t relates to a device using a
virtually-imaged phased array (VIPA) to generate wave-
length dispersion.

2. Description of the Related Art

In a conventional fiber optic communication system for
transmitting information using light, a transmitter sends a
signal in the form of optical pulses to a receiver through an
optical fiber. However, wavelength dispersion, which is also
called “chromatic dispersion”, degrades the quality of the
signals 1n the system.

More specifically, as a result of wavelength dispersion,
the propagation speed of signal light 1n an optical fiber varies
depending on the wavelength of the signal light. For
example, 1f an optical pulse with a long wavelength (for
example, optical pulse with a wavelength representing a red
color) propagates faster than an optical pulse with a short
wavelength (for example, optical pulse with a wavelength
representing a blue color), the dispersion 1s called “normal
dispersion”. Conversely, 1 an optical pulse with a short
wavelength (Tor example blue pulse) propagates faster than
an optical pulse with a long wavelength (for example, red
pulse), the dispersion i1s called “abnormal dispersion”.

Therefore, 11 a signal optical pulse transmitted from a
transmitter includes a red pulse and a blue pulse, the signal
optical pulse 1s divided and separated into the red pulse and
the blue pulse while they propagate through an optical fiber,
and each of the respective optical pulses arrives at a different
time at the receiver.

For another example of a signal optical pulse transmis-
sion, 1 a signal optical pulse with different wavelength
components continuously ranging from a blue color to a red
color 1s transmitted, each element propagates through an
optical fiber at different speed. Therelore, the time width of
the signal optical pulse 1s broadened 1n the optical fiber and
distortion occurs. Since each pulse has elements 1n a limited
wavelength range, such wavelength dispersion i1s very com-
mon 1n an fiber optic communication system.

Therefore, 1n particular, in a high-speed fiber optic com-
munication system, i order to obtain high transmission
capacity, such wavelength dispersion must be compensated
for.

In order to compensate for such wavelength dispersion in
an fiber optic communication system, a “reciprocal disper-
sion component” reversing the wavelength dispersion gen-
erated 1n an optical fiber to a signal optical pulse 1s needed.

Some conventional devices can be used for such a “recip-
rocal dispersion component”. For example, since a disper-
sion compensation fiber has a special sectional refractive
index profile and applies a wavelength dispersion which 1s
the reverse ol wavelength dispersion generated 1n an ordi-
nary transmission line fiber to a signal optical pulse, the fiber
can be used as a “reciprocal dispersion component”. How-
ever, the production of a dispersion compensation fiber 1s
expensive and a fairly long fiber 1s needed to sufliciently
compensate for the wavelength dispersion generated 1n the
transmission line fiber. For example, in order to completely
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compensate for wavelength dispersion generated 1n a 100
km transmission line fiber, a dispersion compensation fiber
20 km to 30 km long 1s needed. Therefore, optical loss
increases and also dimensions become large, which are
problems.

FIG. 1 shows a chirped fiber grating with a “reciprocal
dispersion component” function to compensate for wave-
length dispersion.

As shown 1n FIG. 1, light that suflers from wavelength
dispersion when propagating through an optical fiber is
supplied to the mput port 48 of an optical circulator 50.

The optical circulator 50 supplies the light to the chirped
fiber grating 52. The chirped fiber grating 52 returns the light
to the circulator 50 so that each different wavelength com-
ponent of the light can propagate over a different distance
and wavelength dispersion can be compensated for.

For example, the chirped fiber grating 52 can be designed
so that a long-wavelength component of light can be
reflected over a long distance by the chirped fiber grating 52
and can propagate over a distance longer than a short-
wavelength component of the light. Then, the circulator 50
supplies light reflected off the chirped fiber grating 52 to an
output port 54. In thus way, the chirped fiber grating 52 can
apply reciprocal dispersion to a signal optical pulse.

However, the chirped fiber grating 52 has only too narrow
a band to reflect a signal optical pulse. Therefore, a wave-
length band suflicient to compensate for light containing
many wavelengths such as wavelength division multiplexed
light cannot be obtained. However, many chirped fiber
gratings can be connected in a cascade for such a wavelength
division multiplexed signal. In this case, the system costs
dearly. The combination of a chirped fiber grating and a
circulator shown 1n FIG. 1 1s suitable for a one-channel fiber
optic communication system.

FIG. 2 shows a conventional diffraction grating generat-
ing wavelength dispersion. As shown in FIG. 2, a diffraction
grating 56 has a grated plane 58. A parallel ray 60 with
different wavelengths 1s input to the grating plane 58. Then,
the ray 1s reflected off each step of the grating plane 58, and
the plurality of retlected rays intertere with one another. As
a result, rays 62, 64 and 66 cach with a different wavelength,
are output from the diflraction grating 58 at different angles.
In order to compensate for the wavelength dispersion of a
parallel ray using a diflraction grating, the diffraction grating
can be used 1n a spatial grating pair array, which 1s described
in detail below.

FIG. 3A shows a spatial grating pair array used as a
reciprocal dispersion component in order to compensate for
wavelength dispersion. As shown in FIG. 3A, a parallel ray
67 1s diffracted by the first diffraction grating 68 and 1s
separated mto a ray with a short wavelength 69 and a ray
with a long wavelength 70. Then, these rays 69 and 70 are
diffracted by the second difiraction grating 71 and propagate
in the same direction. As shown 1n FIG. 3A, each wave-
length component with a different wavelength propagates
over a different distance, reciprocal dispersion 1s applied and
wavelength dispersion 1s compensated for. Since a long
wavelength like the ray 70 propagates over a distance longer
than a short wavelength like the ray 69, the spatial grating
pair array shown in FIG. 3A has abnormal dispersion.

FIG. 3B shows another spatial grating pair array used as
a reciprocal dispersion component 1 order to compensate
for chromatic dispersion. As shown in FIG. 3B, lenses 72
and 74 are inserted between the first and second difiraction
gratings 68 and 71 so that the lenses 72 and 74 share one
focal point. Since a long wavelength like the ray 70 propa-
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gates over a distance shorter than a short wavelength like the
ray 69, the spatial grating pair array shown in FIG. 3B has
normal dispersion.

The spatial grating pair arrays shown in FIGS. 3A and 3B
are generally used as laser resonators to control dispersion.
However, an actual spatial grating pair array cannot apply
dispersion suflicient to compensate for a fairly large amount
of chromatic dispersion generated 1n an fiber optic commu-
nication system. More specifically, angular dispersion gen-
erated by a diflraction grating 1s usually very small and 1s
generally approximately 0.05 degree/nm. Therefore, in order
to compensate for wavelength dispersion generated in an
fiber optic communication system, the first and second
diffraction gratings 68 and 71 must be located far apart.
Therefore, such a spatial grating pair array 1s not practical.

Against the conventional device, Japanese Patent Appli-
cation Nos. 10-3344350 and 513133 propose a device com-
prising a virtually-imaged phased array (VIPA 1) shown in
FIG. 4.

The VIPA 1 generates light that propagates from the VIPA
1. This device comprises a light returming device returning
light to the VIPA 1 and generating multiple reflection in the
VIPA 1.

The device can also comprise a VIPA recerving input light
with a wavelength 1n a continuous wavelength range and
generating a corresponding output light. This output light
can be spatially distinguishable from output light with
another wavelength 1n the continuous wavelength range (for
example, each of them travels 1n a different direction). If this
output light can be distinguishable by a traveling angle, 1t
can be said that this device has angular dispersion.

Furthermore, such a device can also comprise a VIPA 1
and a light returming device 2. The VIPA 1 further comprises
a transmission area and a transparent material. Light can be
input/output to/from the VIPA 1 through the transmission
area. The transparent material 3 has the first and second
planes. The second plane has reflectivity and transmits part
of the mput light. The mput light 1s received by the VIPA 1
through the transmission area, 1s reflected many times
between the first and second planes of the transparent
material. Then, a plurality of light rays are transmitted
through the second plane. The plurality of transmitted light
rays interfere with one another and output light 4 1s gener-
ated. The mput light has a wavelength 1 a continuous
wavelength range, and the output light 4 can be distinguish-
able from another output light with another wavelength 1n
the continuous wavelength range. The light returning device
2 can return the output light 4 to the second plane 1n the
completely opposite direction, and the output light 4 1s 1nput
to the VIPA 1 through the second plane. Then, the output
light 4 1s multiply retlected 1n the VIPA 1 and 1s output to an
input route through the transmission areas of the VIPA 1.

Furthermore, such a device can also comprise a VIPA 1
generating a plurality of pieces of output light 4 with the
same wavelength as that of mput light but each with a
different order of interference. This device also comprises
the light returning device 2 returning some pieces of output
light with one order of interference to the VIPA 1 and not
returning the other pieces of output light. In this way, only
light with one order of interference can be returned the VIPA
1.

Furthermore, such a device can also comprise a VIPA 1,
a light returning device 2 and a lens 5. The VIPA 1 receives
input light and generates corresponding output light that
propagates from the VIPA 1. The light returning device 2
receives the output light 4 from the VIPA 1 and returns the
output light to the VIPA 1. In the lens 5, (a) the light 4 output
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4

from the VIPA 1 transmits through lens 5, and travels to the
light returning device 2 since they are collected at the light
returning device 2 by the lens 5; then (b) the output light 4
travels from the light returning device 2 to the lens 5 and are
returned from the light returning device 2 to the VIPA 1
since the output light 1s directed to the VIPA 1 by the lens
5; and further (c) the output light 4 traveling from the VIPA
1 to the lens 5 1s positioned in such a way that the output
light can travel in parallel with and 1n the opposite direction
of the output light returned from the lens 5 to the VIPA 1 .
Furthermore, output light traveling from the VIPA 1 to the
lens § does not overlap output light returned from the lens

5 to the VIPA 1.

Furthermore, such a device can also comprise VIPAs 1, a
mirror 6 and a lens 5. VIPA 1 receives input light and
generates a corresponding output light that propagates from
VIPA 1. The lens 5 collects output light rays 4 at the mirror
6, the mirror 6 retlects the output light rays and the reflected
light rays are returned to the VIPA 1 by the lens 5. The mirror
1s shaped 1n such a way that the device can generate speciiic
wavelength dispersion.

As described above, a VIPA has an angular dispersion
function like a diflraction grating and can compensate for
wavelength dispersion. In particular, the VIPA has large
angular dispersion, and can easily provide a practical recip-
rocal dispersion component.

FIGS. 5 through 7 shows the characteristics of a device
using a VIPA.

However, the transmittance characteristic by wavelength
of a device using a VIPA to compensate for wavelength
dispersion 1s not flat and 1s of round-top shape with a round
peak around the center frequency of each transmission band,
as shown 1n FIG. 5, which 1s another problem.

If there 1s a device with such a transmission characteristic
in an optical transmission line, a signal optical pulse wave-
form transmitted from a transmitter 1s distorted and a signal
cannot be accurately transmitted. In particular, if 1n a long-
haul fiber optic communication system requiring the com-
pensation of large wavelength dispersion, wavelength dis-
persion 1s compensated for by multi-connecting many
devices using a VIPA, the undesirable transmission charac-
teristics are overlapped and a signal optical pulse greatly
degrades. In this case, it 1s preferable for a device using a

VIPA to have a flat output light wavelength characteristic
shown 1 FIG. 6.

Theoretically, such a non-flat transmission characteristic

1s generated 1n a device using a VIPA for the following
reasons.

Firstly, the travel direction of output light from a VIPA
varies depending on wavelength. In this case, light traveling
in a direction 1n parallel with the axis of light mput to the
VIPA has the greatest strength and light traveling in a
direction deviating from the axis of light input to the VIPA
has less strength. This phenomenon can be explained as
follows. Since light input to a VIPA usually consists of light
rays converged by a lens, as shown in FIG. 4, the light
contains a plurality of plane wave components each with a
different travel direction. In this case, a plane wave compo-
nent traveling in a direction 1n parallel with the axis of the
input light has the greatest strength, and the greater the
deviation from the axis of a plane wave component, the
smaller 1s the strength of the plane wave component. How-
ever, a plurality of light rays multiply reflected in the VIPA
interfere with one another and the wavelength of light, the
strength of which 1s increased and output, varies for each
plane wave component with a different travel direction. For
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this reason, 1t can be said that the strength of light output
from a VIPA varies depending on wavelength.

This wavelength dependence of light output from a VIPA
generates the wavelength dependence of transmittance 1n the
transmission characteristic of a device using a VIPA. In
other words, the transmission characteristic 1s not flat.

Secondly, since light with each wavelength output from a
VIPA has a plurality of possible travel directions each with
a different order of interference, the strength of the light 1s
distributed among the plurality of pieces of light each with
a different order of interference. In a device using a VIPA,
light with an unnecessary order of interference must be
discarded and light with a necessary order of interference
must be extracted. Therefore, when light with an unneces-
sary order of interference to be discarded 1s output from the
VIPA, there 1s optical loss corresponding to the unnecessary
order of interference. However, whether light with each
order of interference 1s output from the VIPA depends on the
fact that the travel direction of the light with each order of
interference 1s included in the travel directions of plane
wave components of input light converged into the VIPA by
a lens. Theretfore, the number of times of the occurrence of
light with an unnecessary order of interference varies
depending on wavelength. The loss of light with a wave-
length 1n which there 1s no light with an unnecessary order
of interference 1s small, while the loss of light with a
wavelength of light 1n which there are many unnecessary
orders of interference 1s large. For this reason, the wave-
length dependence of transmission wavelength characteris-
tic 1s generated 1n a device using a VIPA. In other words, the
transmission wavelength characteristic 1s not flat.

Thirdly, 1n order to compensate for wavelength dispersion
by a device using a VIPA, an optical path length varying
according to wavelength must be provided by returning light
to a position varying according to wavelength when light
output from the VIPA 1s retlected ofl a mirror and 1s returned
to the VIPA. When light, the wavelength dispersion of which
has been compensated for, i1s received and extracted as
output light, the coupling efliciency of light to a fiber varies
depending on wavelength due to the difference 1n a returning
position 1n the VIPA depending on wavelength. Since usu-
ally an optical system 1s adjusted in such a way that light
around the center wavelength of each transmission band can
couple with a fiber most efliciently, the coupling efliciency
of light with a wavelength away from the center wavelength
1s relatively low. For this reason, 1f wavelength dispersion 1s
compensated for by a device using a VIPA, such a non-tlat
transmission characteristic can be obtained.

In Japanese Patent Application Nos. 10-534450 and
11-513133 described above, a detailed method for improv-
ing such a transmission characteristic and realizing such a
preferable flat transmission characteristic 1n a device using,
a VIPA 1s not disclosed.

Using a conventional etalon filter, a characteristic the
reverse of the wavelength characteristic of light output from
a VIPA can be applied and the wavelength characteristic of
the output light can be leveled to some degree. However, the
transmission characteristic of a device using a VIPA some-
times has an asymmetrical shape with a peak wavelength as
a center 1n which a wavelength width on a short wavelength
side and a wavelength width on a long wavelength side are
different in designing, as shown in FIG. 7, and 1t cannot be
leveled 1n a strict sense. By multi-connecting etalon {filters
cach with a different transmuitted light cycle, an asymmetri-
cal filter can be realized. However, the grater the number of
filters, the greater the loss of transmitted light and the higher
the cost of the system, which 1s not practical.
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0
SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide means
for suppressing optical loss and improving the wavelength
characteristic of output light in an economical way 1 a
device using a VIPA 1n order to compensate for wavelength
dispersion.

The device of the present invention comprises; a virtually-
imaged phased array (VIPA) with a plurality of transmission
areas receiving and outputting light, receiving nput light
with each wavelength 1n a continuous wavelength range
across the transmission areas each, dispersing the mput light
with each wavelengths in the continuous wavelength range
at a different angle for each wavelength by multiply reflect-
ing the mnput light and making the multi-reflected light rays
interfere with one another and generating output light spa-
tially distinguishable from output light generated using input
light with another wavelength 1n the continuous wavelength
range; a lens collecting output light with an output angle
varying according to wavelength at a position varying
according to wavelength; a mirror in a shape designed to
apply almost uniform wavelength dispersion to the light
output from the VIPA regardless of an angular dispersion
direction generated by the VIPA, reflecting and returning the
collected light to the lens, which returns the retlected light
to the VIPA, receiving the output light that 1s returned by the
lens and then 1s retlected by the VIPA, multiply reflecting the
output light 1n the VIPA and outputting the light from the
VIPA through transmission areas; and means for generating
a large optical path deviation 1n a direction perpendicular to
the angular dispersion direction of the VIPA varying accord-
ing to wavelength 1n the continuous wavelength range of the
light returned to the VIPA by the mirror. The device can
provide output light with a desired transmission wavelength
characteristic by coupling the output light at an optical fiber
at coupling efliciency varying according to wavelength.

According to the present invention, the transmission
wavelength characteristic of a VIPA can be leveled easily
and 1n an economical way, and an fiber optic communication
system suppressing the degradation of optical signals pass-
ing through the transmission band of the VIPA and trans-
mitting high-quality optical signals can be realized accord-

ingly.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more apparent from the
following detailed description 1n conjunction with the
accompanying drawings, in which:

FIG. 1 shows a chirped fiber grating with a “reciprocal
dispersion component” function to compensate for wave-
length dispersion;

FIG. 2 shows a conventional di
ing wavelength dispersion;

FIGS. 3A and 3B show a spatial grating pair array used as
a reciprocal dispersion component 1 order to compensate
for wavelength dispersion;

FIG. 4 shows a device compensating for wavelength
dispersion using a VIPA;

FIG. 5 shows the transmission characteristic of the device
using a VIPA;

FIG. 6 shows a preferable flat transmission characteristic
of the device using a VIPA;

FIG. 7 shows the asymmetrical transmission characteris-
tic of the device using a VIPA;

FIG. 8 shows a VIPA according to one preferred embodi-
ment of the present invention;

Iraction grating generat-
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FIG. 9 shows the VIPA 1n detail according to one pre-
ferred embodiment of the present invention shown in FIG.
8

FIG. 10 1s a cross section view cut along the straight line
IX—IX of a VIPA according to one preferred embodiment
of the present invention shown in FIG. 8;

FIG. 11 shows interference between light rays retlected by
a VIPA according to one preferred embodiment of the
present mvention;

FI1G. 12 1s a cross section view cut along the straight line
IX—IX of a VIPA determiming the tilt angle of mput light,
according to one preferred embodiment of the present inven-
tion;

FIGS. 13A, 13B, 13C and 13D shows how to produce a
VIPA according to one preferred embodiment of the present
invention;

FI1G. 14 shows the configuration of a device using a VIPA
for an angular dispersion unit generating chromatic disper-
s10n, according to one preferred embodiment of the present
invention;

FI1G. 15 shows the detailed operation of the device accord-
ing to one preferred embodiment of the present mmvention
shown 1n FIG. 14;

FIG. 16 shows a variety of orders of interference of a
VIPA according to one preferred embodiment of the present
invention;

FIG. 17 shows the respective chromatic dispersion of
several channels of multi-wavelength light according to one
preferred embodiment of the present invention;

FIGS. 18A and 18B are side views of a device using a
VIPA 1n order to disperse light, according to another pre-
ferred embodiment of the present invention;

FIG. 19 shows the output angle of the optical flux of a
VIPA against the wavelength of the optical flux;

FIG. 20 shows the angular dispersion of a VIPA against
the wavelength of an optical flux according to one preferred
embodiment of the present invention;

FIG. 21 shows the respective etlects of diflerent types of
mirrors used as a device using a VIPA according to one
preferred embodiment of the present invention;

FIG. 22 shows chromatic dispersion against wavelength
for each different type of mirror used, of a device using a
VIPA according to one preferred embodiment of the present
invention;

FIG. 23 shows the effect of the mirror of a device using
a VIPA according to one preferred embodiment of the
present mvention;

FIG. 24 shows the uniform chromatic dispersion of a
device using a VIPA according to one preferred embodiment
of the present invention;

FIG. 25 shows an example of the sectional shape of a
mirror for a device using a VIPA according to the preferred
embodiment of the present ivention;

FIG. 26 shows an example of the three-dimensional shape
of a mirror for a device using a VIPA according to the
preferred embodiment of the present invention;

FIGS. 27A and 27B show the axis of light with each
wavelength of the device using a VIPA, the side view of
which 1s shown 1 FIG. 14 and which 1s viewed from top;

FIG. 28 1s the top view of a device using a VIPA, using
a mirror generating large optical path deviation varying
according to wavelength, according to one preferred
embodiment of the present invention;

FI1G. 29 shows the relationship between an angular devia-
tion amount and coupling etliciency;

FIG. 30 1s a graph showing the relationship between an
angular deviation amount and coupling efliciency;
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FIG. 31 shows the relationship between mirror tilt and
coupling efliciency;

FIGS. 32A and 32B show an example of a mirror shape
generating large optical path deviation varying according to
wavelength, used in the preferred embodiment of the present
invention and the mirror eflect thereof;

FIG. 33 1s the top view of a device using a VIPA, with a
plurality of mirror areas with the shape shown 1n FIG. 32,
according to one preferred embodiment of the present inven-
tion;

FIG. 34 1s the top view of a device using a VIPA, with a
shape-variable mirror, according to one preferred embodi-
ment of the present invention; and

FIG. 35 shows the configuration of a system in which a
device using a VIPA and a device monitoring wavelength
dispersion and transmission characteristic are combined,
according to one preferred embodiment of the present inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention provide a device
comprising a mirror 1 a shape so as to generate almost
uniform wavelength dispersion 1n an angular dispersion
direction generated by a VIPA regardless of each wavelength
output by the VIPA and means for controlling the size of the
optical path deviation of light returning to the VIPA after
being reflected off the mirror for each wavelength in the
device comprising the VIPA.

The preterred embodiments of the present invention are
described 1n detail below with reference to the drawings. In
the attached drawings, devices with the same function are
denoted by the same reference numbers.

FIG. 8 shows the configuration of a virtually-imaged
phased array (VIPA) used 1n one preferred embodiment of
the present invention. A “visually-imaged phased array™ and
a “VIPA” can be used interchangeably hereinafter.

According to FIG. 8, 1t 1s preferable to make a VIPA 76
from a thin glass plate. Input light 77 1s collected into a line
78, using a lens 80, such as a semi-cylindrical lens, etc., and
the light travels toward the VIPA 76. The line 78 1s called a
“focal line” 78 heremaiter. The mnput light 77 propagates 1n
all directions from the focal line 78 and 1s received by the
VIPA 76. Then, the VIPA 76 outputs the optical flux 82 of
parallel rays. The output angle of the optical flux 82 varies
depending on the wavelength of the mput light 77. For
example, 1f the wavelength of the mput ray 77 1s Al, the
VIPA 76 outputs the optical flux 82a with wavelength Al 1n
a specific direction. If the wavelength of the mput ray 77 1s
A2, the VIPA 76 outputs the optical flux 826 with wave-
length A2 1n another direction. Therefore, the VIPA 76
generates two pieces of optical flux 82a and 825 that can be
spatially distinguishable from each other.

FIG. 9 shows the detailed VIPA 76 used 1n one preferred
embodiment of the present invention. According to FIG. 9,
the VIPA 76 comprises, for example, a glass plate 120 with
reflector films 122 and 124 coated on the surfaces. It 1s
preferable for the reflectance of the reflective film 122 to be
between 95% and 100%. It 1s preferable for the reflectance
of the reflective film 124 to be approximately 100%. A
radiation window 126 1s formed on the plate 120, and 1t 1s
preferable for the reflectance to be approximately 0%. The
mput light 77 1s collected at the focal line 78 through the
radiation window 126 by the lens 80, and i1s multiply
reflected ofl the reflector planes 122 and 124. It 1s preferable
for the focal line 78 to be on the plate 120 with the reflective
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film 122. As described above, the focal line 78 essentially
collects light rays at the reflective film 122 through the
radiation window 126. The width of the focal line, on which
light 1s collected, 1s also called the beam waist of the 1nput
light 77. As described above, 1n the preferred embodiment of
the present invention shown in FIG. 9, the beam waist of the
input light 77 1s collected at the distant plane of the plate 120
(that 1s, the reflector plane 122). In the preferred embodi-
ment, it 1s preferable to reduce the possibility of the area of
the radiation window 126 (for example, the area a shown in
FIG. 12, which 1s described in detail below) and an area on
the reflector plane 124, through which the input light 77
firstly reflected off the reflective film 124 (for example, the
area b shown in FIG. 12, which 1s described 1n detail below)
overlapping, by collecting the beam waist at the distant
plane (reflective film 122).

In FIG. 9, the optical axis 132 of the input light 77 has a
slight tilt angle 0. In the first reflection of the reflective film
122, 5% of the light transmits through the reflector film 122
and diverges aiter passing through the beam waist. However,
95% of the light 1s reflected toward the reflective film 124.
After firstly reflected ofl the retlective film 124, the light hits
the retlective film 122 again deviated by d thJS time. Then,
5% of the light transmits through the reflective film 122. As
shown 1 FIG. 9, similarly, the light branches into many
routes at specific intervals d. The light of each route takes a
shape such that 1t diverges from the virtual 1image 134 of the
beam waist. The wvirtual image 134 arrayed at specific
intervals 2¢ along the line perpendicular to the plate 120. In
this case, t 1s the thickness of the plate 120. The position of
the beam waist 1n the virtual 1image 134 1s automatically
determined and there i1s no need to adjust each position.
Light rays from the virtual image 134 interfere with one
another and form plane waves 136 each of which propagates
in a direction varying depending on the wavelength of the
input ray 77.

The interval between optical paths 1s d=2t Sin 0, and the
difference in route length between adjacent light rays 1s 2t
Cos 0. Angular dispersion 1s directly proportional to the ratio
of these two values. In other words, 1t 1s cot 8. As a result,
the VIPA generates fairly large angular dispersion.

As clear from FIG. 9, a terminology ““virtually-imaged
phased array” derives from the formation of the array of
virtual 1images 134.

FIG. 10 1s the cross section view along a straight line
IX—IX of the VIPA 76 according to the preferred embodi-
ment of the present invention shown in FIG. 8. According to
FIG. 10, the plate 120 has two reflective films 122 and 124.
The reflective films 122 and 124 are placed at intervals f,
which 1s the thickness of the plate 120. As described above,
the reflectance of the retflective film 124 1s approximately
100% except that of the radiation window 126. The retlec-
tance of the reflective film 122 1s 95% or more. Therefore,
since the transmittance of the reflective film 122 1s 5% or
less, 5% or less of the mput light transmits through the
reflective film 122 and 95% or more of the light 1s retlected.
Each of the respective reflectance of the retlective films 122
and 124 can be easily modified in specific applications of a
VIPA. However, generally, the reflectance of the reflective
film 122 must be less than 100% so that part of the mput
light can be transmitted.

The reflective film 124 1s provided with the radiation
window 126. It 1s preferable for the radiation window 126 to
transmit all light rays and to retlect no light rays or for the
reflectance thereof to be very small. The radiation window
126 receives mput ray 77 on the reflective films 122 and 124
and reflects the light 77.
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FIG. 10 1s the cross section view along the straight line
IX—IX shown 1n FIG. 8. The focal line 78 shown 1n FIG.
8 1s expressed as a “point” 1n FIG. 10. In this case/the mput
light 77 propagates 1n all directions from the focal line 78.
Furthermore, as shown in FIG. 10, the focal line 78 1s
located on the retlective film 122. Although the focal line 78
need not necessarily be located on the reflective film 122, in
that case, the characteristic of the VIPA 76 slightly changes
due to the positional deviation of the focal line 78.

As shown 1n FIG. 10, the light 77 1s input to the plate 120
through the radiation window 126. In FIG. 10, a point PO
represents a point around an area A0.

95% or more of the mput light 77 1s reflected ofl the
reflective film 122 according to the reflectance thereof and
1s 1put to the area Al of the reflective film 124. A point P1
represents a point around the area Al. After being retlected
ofl the areca Al of the reflective film 124, the mput light 77
travels to the reflective film 122 again and part transmits
through the reflective film 122 and becomes output light
Outl defined by a ray R1.

In this way, as shown 1 FIG. 10, the mput light 77 1s
multiply reflected off the reflective films 122 and 124. In this
case, every time the light 77 1s reflected off the retlective film
122, transmitted light 1s generated. Therefore, for example,
immediately after being retlected ofl the areas A2, A3 and
Ad of the reflective film 124, the mput light 77 1s retlected
ofl the reflective film 122, and a plurality of pieces of output
light Out2, Out3 and Out4 are generated. A point P4 repre-
sents a point around the area A4. The output light Out4 1s
defined by a ray R4. Although FIG. 10 shows only Outl,
Out2, Out3 and Outd, 1n reality, there are more pieces of
output light depending on the strength of the mput light 77
and the respective reflectance of the reflective films 122 and
124. Although the details are described below, a plurality of
output light rays interfere with one another and result 1n
optical tlux consisting of light rays with a direction varying
depending on the wavelength of the mput light 77 each.
Therefore, the optical flux can be described as output light
generated by the interference between a plurality of pieces
of output light Outl, Out2, Out3 and Out4.

FIG. 11 shows the interference between a plurality of
reflected light rays generated by a VIPA according to the
preferred embodiment of the present invention. According to
FIG. 12, light traveling from the focal line 78 1s reflected off
the reflective film 124. As described above, the reflectance
of the reflective film 124 1s approximately 100% and has
essentially a mirror function. As a result, it can be optically
analyzed that output light Outl 1s emitted from a focal line
I1. Simailarly, 1t can be also analyzed that a plurality of pieces
of output light Out2, Out3 and Out4 are emitted from focal
lines 12, I3 and 14, respectively. Each of the focal lines 12,
I3 and I4 1s the virtual 1image of the focal line 10.

Theretfore, as shown 1n FIG. 11, the focal line I1 1s located
at a distance 2t from the focal line 10. It represents the
distance between the reflective films 122 and 124. Similarly,
cach subsequent focal line 1s located at a distance 2t from the
immediately previous focal line. Therefore, the focal line 12
1s located at a distance 2t from the focal line I1. Furthermore,
since current output light 1s multiply reflected off the reflec-
tive films 122 and 124 subsequently, the current output light
weaker than the immediately previous output light. There-
fore, the output light Out2 i1s weaker than the output light
Outl.

As shown 1n FIG. 11, a plurality of output light rays from
focal lines overlap and interfere with one another. More
specifically, since each of the focal lines I1, 12, I3 and 14 1s
the virtual image of the focal line 10, the plurality of pieces
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of output light Outl, Out2, Out3 and Outd4 have the same
optical phase at the focal points 11, 12, I3 and I4, respec-
tively. Therefore, a plurality of pieces of optical flux each
traveling 1n a different direction depending on the wave-
length of the mput light 77 are generated.

A VIPA used i the preferred embodiment includes a
constructive condition, which 1s a design characteristic of a
VIPA. By this constructive condition, the interference
between the plurality of pieces of output light increases and
optical flux 1s formed. The constructive condition of a VIPA
1s expressed as follows.

2IXCc0os p=mh

(1)

where

¢: A propagation direction viewed from a line perpen-
dicular to the reflective films 122 and 124, of formed optical
flux,

A: The wavelength of mput light,

t: The distance between the reflective films 122 and 124,
and

m: An integer.

Therefore, if t 1s constant and m 1s a specific value, the
propagation direction ¢ of optical flux formed against the
mput light with wavelength A can be determined.

Furthermore, the input light 77 spreads 1n all directions at
specific angles from the focal line 78. Therefore, a plurality
ol pieces of input light with the same wavelength travel 1n
many different directions from the focal line 78 and are
reflected off the reflective films 122 and 124. By the con-
structive condition of a VIPA, light traveling 1n a specific
direction 1s reinforced by interference between a plurality of
pieces of output light, and optical flux with a direction
corresponding to the wavelength of the input light 1s formed.
Light traveling 1n a direction different from the specific
direction based on the constructive condition 1s weakened by
the interference between a plurality of pieces of output light.

FIG. 12 1s the cross section view along a straight line
IX—IX of the VIPA according to one preferred embodiment
of the present mnvention, and shows the characteristic of a
VIPA determining the mput angle or tilt angle of mput light
used 1n one preferred embodiment of the present invention.

According to FIG. 12, the input light 77 1s collected at the
focal line 78 by a cylindrical lens, which 1s not shown 1n
FIG. 12. As shown 1n FIG. 12, the mput light 77 covers an
arca with width equivalent to *“a”, of the radiation window
126. After being reflected ofl the reflective film 122 once, the
input light 77 1s mput to the retlective film 124 and covers
an area with width equivalent to “b”, of the reflective film
124. Furthermore, as shown 1n FIG. 12, the mput light 77
travels along an optical axis 132 with a tilt angle 00 against
a line perpendicular to the retlective film 122.

The t1lt angle 00 must be set to a value such that the input
light 77 can be located within the plate through the radiation
window 126 after being reflected off the reflective film 122
once. Specifically, the tilt angle 00 such that the input light
77 can be caught 1n between the retlective films 122 and 124
and can be located within the plate through the radiation
window 126, must be set as follows.

Tilt angle of optical axis=(a+b)/41

(2)

Theretfore, as shown in FIGS. 8 through 12, the preferred
embodiment of the present mvention comprises a VIPA
receiving mput light with each wavelength 1n a continuous
wavelength range. In the VIPA, input light 77 1s multiply
reflected and self-interference 1s induced. As a result, output
light 1s generated. The output light can be spatially distin-
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guishable from another piece of mput light with another
wavelength 1n the continuous wavelength range. For
example, FIG. 10 shows input light 77 multiple reflected
between the reflective films 122 and 124. A plurality of
pieces ol the input light 77 are multiply reflected and
interfere with one another. As a result, a plurality of pieces
of output light Out0, Outl, Out2, Out3 and Outd. The
plurality of pieces of output light Out0, Outl, Out2, Out3
and Outd constitute optical flux that can be spatially distin-
guishable from another piece of mput light 77 with another
wavelength 1n the continuous wavelength range can be
generated.

Self-interference means 1nterference caused between a
plurality of pieces of light or a plurality of rays generated by
the same light source. Since a plurality of pieces of output
light Out0, Outl, Out2, Out3 and Outd4 are all generated
from the same light source (that 1s, input light 77), interfer-
ence between the plurality of pieces of output light Out0,
Outl, Out2, Out3 and Out4 1s called the self-interference of
the mput light 77.

In the preferred embodiment of the present invention,
mput light 77 can have an arbitrary wavelength 1n a con-
tinuous wavelength range. Input light 77 1s not limited to
iput light with a wavelength selected from discrete wave-
lengths. According to the preferred embodiment of the
present invention, furthermore, output light generated based
on input light with a specific wavelength 1n a continuous
wavelength range can be spatially distinguishable from
output light generated based on mput light with another
wavelength in the continuous wavelength range.

Therefore, for example, as shown in FIG. 8, the travel
direction of optical flux 82 (that 1s, a spatial characteristic)
varies depending on the wavelength 1n a continuous wave-
length range of mput light 77.

FIGS. 13A, 13B, 13C and 13D show how to produce a

VIPA used in the preferred embodiment of the present
invention.

According to FIG. 13 A, 1t 1s preferable for a parallel plate
164 to be made from glass, and the plate has parallel
surfaces. Retlective films 166 and 168 are coated on each
surface of the parallel plate 164 by vacuum deposition, 1on
beam-assisted deposition, sputtering and the like. It 1s pref-

erable for the reflectance of one of the reflective films 166
and 168 to be 100% and the other to be between 80% and

100%.

According to FIG. 13B, a radiation window 1s formed on
one of the retlective films 166 and 168 by removing a part
of the film. In FIG. 13B, a part of the reflective film 1s
removed and the radiation window 170 1s formed on the
same surface as the retlective film of the parallel plate 164.
A radiation window 170 can also be formed on the same
surface as the reflective film 168 of the parallel plate instead
of the reflective film 166. As shown 1n a varniety of preferred
embodiments of the present invention, the radiation window
170 can be formed on either surface of the parallel plate 164.

Although a reflective film can be removed by etching, the
film can also be mechanically removed with less cost.
However, 11 a reflective film 1s mechanically removed, the
parallel plate 164 must be carefully handled so that damage
to the parallel plate can be minimized. For example, if
damage to the part of the parallel plate constituting the
radiation window 170 1s great, the parallel plate suflers too
much damage from the dispersion of received mput light.

Instead of forming a retlective film and removing part of
the film, a radiation window can be formed by masking part
of the parallel plate 164 corresponding to the radiation
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window 1n advance and preventing that part from being
covered by the reflective film.

According to FI1G. 13C, transparent adhesive agent 172 1s
painted on the reflective film 166 and part of the parallel
plate, from which the reflective film 166 has been removed.
Since the transparent adhesive agent 172 1s painted on the
part constituting the radiation window of the parallel plate
164, optical loss 1s minimized.

According to FIG. 13D, a transparent protector plate 174
1s placed on the reflective film 166, on which the transparent
adhesive agent 172 has been painted, and the reflective film
166 and parallel plate 164 are protected.

Since the transparent adhesive agent 172 1s painted so as
to fill up a concave part, from which the reflective film 166
has been removed, the transparent protector plate 174 1s
provided 1n parallel with the top surface of the parallel plate
164.

Similarly, in order to protect the reflective film 168,
adhesive agent 172, which 1s not shown 1 FIG. 13D, must
be painted on the top surface of the reflective film 168 and
a protector plate 174, which 1s also not shown in FIG. 13D,
must be provided. If the reflectance of the reflective film 168
1s approximately 100% and there 1s no radiation window on
the same surface of the parallel plate 164, there 1s no need
tor the adhesive agent and protector plate to be transparent.

Furthermore, an anti-reflection film 176 can be coated on
the transparent protector plate 174. For example, the trans-
parent protector plate 174 and radiation window 170 can be
coated with an anti-reflection film 176.

Although 1n the preferred embodiment of the present
invention described above, a focal line shall be located at a
radiation window or on the surface opposite to that to which
iput light 1s mnput, of a parallel plate, however, a focal line
can be located 1n a parallel plate or 1n front of a radiation
window.

In the preferred embodiment of the present mvention
described above, light located between two reflective films
1s reflected, and the reflectance of one of the reflective films
1s approximately 100%. However, 1n this case, the same
cllect can also be obtained by two reflective films with
reflectance of less than 100% each. For example, the reflec-
tance of each of two reflective films can be 95%. In this case,
cach reflective film transmits light and interference 1is
caused. As a result, optical flux traveling in a different
direction depending on wavelength 1s formed on each sur-
face of a parallel plate with reflective films. In this way, a
variety of reflectance 1n a variety of preferred embodiment
of the present invention can be modified according to the
required characteristic of a VIPA.

Although a waveguide device used in the preferred
embodiment of the present mvention described above is
formed by a parallel plate or two reflective films 1n parallel
with each other, such a plate or reflective films do not have
to be parallel.

A VIPA used 1in the preferred embodiment of the present
invention described above maintains a specific phase difler-
ence between two pieces of interference light using multiple
reflection. As a result, the characteristic of a VIPA can be
stabilized and the change of an optical characteristic gener-
ated by the polarization thereof can be reduced.

According to the preferred embodiment of the present
invention described above, a plurality of pieces of spatially
distinguishable optical flux can be generated. A phrase
“spatially distinguishable” means that a plurality of pieces of
optical flux can be spatially distinguishable from one
another. For example, 1f each of a variety of pieces of optical
flux 1s collimated and travels in different direction or 1is
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collected at a different position, 1t can be said that the variety
ol pieces of optical flux can be spatially distinguishable.
However, the present invention 1s not limited to such speci-
fied examples, and there are many other methods for spa-
tially distinguishing a variety of pieces of optical flux from
one another.

FIG. 14 shows a conventional device using a VIPA as an
angular dispersion unit istead of a diffraction grating to
generate wavelength dispersion. According to FIG. 14, a
VIPA 240 comprises, for example, the first surface 242 with
reflectance of approximately 100% and the second surface
with reflectance of approximately 98%. The VIPA 240 also
comprises a radiation window 247. The configuration of a
VIPA 240 1s not limited to this, and the variety of configu-
rations described 1n this specification are possible.

As shown 1 FIG. 13, light 1s output from a fiber 246, 1s
collimated by a collimating lens 248, 1s collected at the VIPA
240 1n a shape of line through the radiation window 247 by
a cylindrical lens 250. Then, the VIPA 240 generates colli-
mated light 251, which 1s collected at a mirror 254 by a
focusing lens 252. The mirror 2354 can also be a mirror
portion formed on a substrate 258.

The mirror 254 retlects light and transmaits the light to the
VIPA 240 through the focusing lens 252. Then, the light 1s
multiply reflected within the VIPA 240 and 1s output from
the radiation window 247. The light output from the radia-
tion window 247 1s received by a fiber 246 through the
cylindrical lens 250 and collimating lens 248.

Therefore, light 1s output from the VIPA 240, i1s reflected
ol the mirror 254 and 1s returned to the VIPA 240. The light
reflected off the mirror 254 travels 1n a direction opposite to
the coming direction. As described in detail below, each
different wavelength component of light 1s focused on a
different point of the mirror 254, is retlected and 1s returned
to the VIPA 240. As a result, each different wavelength
component travels over a diflerent distance, and wavelength
dispersion 1s generated accordingly.

FIG. 15 shows the operation principle of the VIPA shown
in FIG. 14 1n more detail. It 1s assumed that the VIPA 240
receives light with a vanety of wavelength components. As
shown 1n FIG. 14, the VIPA 240 forms the virtual image 260
of a beam waist 262, and the virtual image 260 emaits light.
As shown in FIG. 14, the focusing lens 252 focuses a
different wavelength component of collimated light from
VIPA at a diflerent point on the mirror 254. Specifically, a
long wavelength 264, a center wavelength 266 and a short
wavelength 268 are collected at points 272, 270 and 274,
respectively. In this case, the long wavelength 264 1s
returned to a virtual image 260 nearer the beam waist 262
than the center wavelength 266. The short wavelength
returns to a virtual image 260 farther away from the beam
waist 262 than the center wavelength 266. Such an array
generates normal dispersion.

The mirror 254 retlects only light with a specific order of
interference, and a plurality of pieces of light with the other
orders of interference are collected outside the mirror 254.
Furthermore, as described above, the VIPA 240 outputs
collimated light. Each piece of collimated light travels 1n a
direction deviated by mX from each virtual image 260. In
this case, m represents an integer. Light with the m-th order
of interference 1s defined as output light corresponding to m.

For example, FIG. 16 shows a variety of interference
orders of a VIPA. According to FIG. 16, the VIPA 240 emuts

a plurality of pieces of collimated light 276, 278 and 280.
Each of the plurality of pieces of collimated light 276, 278
and 280 corresponds to a different order of interference.
Therefore, for example, the plurality of pieces of collimated
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light 276, 278 and 280 correspond to the (n+2)th order of
interference, the (n+1)th order of interference and the n-th
order of interference, respectively. In this case, n represents
an nteger. It 1s assumed that the collimated light 276 has a
plurality of wavelength components 276a, 2765 and 276c.
Similarly, 1t 1s assumed that the collimated light 278 has
wavelength components 278a, 2786 and 278¢ and that the
collimated light 280 has wavelength components 280a, 28056
and 280c. In this case, the wavelength components 276a,
278a and 280q have the same wavelength. The wavelength
components 276b, 278b and 2805 have the same wavelength
(but diflerent from the wavelength of the wavelength com-
ponents 276a, 278a and 280a). The wavelength components
276¢, 278¢c and 280c¢ have the same wavelength (but difler-
ent from the wavelength of the wavelength components
276a, 278a and 280q and also different from the wavelength
of the wavelength components 2765, 278b and 2805).
Although 1 FIG. 16, three pieces of collimated light with
only three different orders of interference each are shown,

collimated light 1s also emitted for other orders of interfer-
ence.

Since collimated light with the same wavelength travels 1n
a different direction for a different order of interference and
1s collected at a diflerent position, the mirror 254 can reflect
only light from a single order of interference and can return
it to the VIPA 240. For example, as shown in FIG. 16, the
length of the reflective portion of the mirror 254 1s fairly
small and it reflects only light corresponding to a single
order of interference. Furthermore, 1n FIG. 16, only colli-
mated light 278 i1s reflected off the mirror 254. In this way,
two pieces of collimated light 276 and 280 are collected
outside the mirror 254.

Multi-wavelength light usually contains many channels.
If 1n FIG. 14, the thickness t between the first surface 242

and second surface 244 of the VIPA 240 i1s set to a specific
value. In the configuration, the dispersion of each channel 1s
simultaneously compensated for.

More specifically, each channel has a center wavelength.
The center wavelengths are usually separated from one
another at specific frequency intervals. The thickness t
between the first surface 242 and second surface 244 of the
VIPA 240 1s set 1in such a way that all wavelength compo-
nents corresponding to the center wavelengths can be output
from the VIPA at the same angle, and they have to be
focused on the same position of the mirror 254. This
condition can be met 11 the thickness t 1s set to each channel
in such a way that the round-trip travel distance of light 1n
the VIPA 240 covered by a wavelength component corre-
sponding a center wavelength can be a multiple of the center
wavelength for each channel. This thickness t 1s called the
“thickness of WDM-matching free spectrum range” or the

“thickness of the FSR of WDM matching” heremafiter.

Furthermore, 1n this case, the round-trip travel distance of
light through the VIPA (2nt cos 0) 1s equal to a wavelength
obtained by multiplying the center wavelength of each
channel with the same 0 for a different integer by the integer,
where n represents the refractive index of a material mserted
between the first surface 242 and second surface 244 and O
represent the propagating direction of optical flux corre-
sponding to the center wavelength of each channel. Further-
more, as described above, 0 also represents the tilt angle of
the optical axis of mput light (see FIG. 9).

Therefore, 11 t 1s set in such a way that 2nt cos 0 1s equal
to the integral multiple of the central wavelength of each
channel with the same 0 for a diflerent integer, all wave-
length components corresponding to each center wavelength
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have the same output angle against the VIPA 240 and are
focused on the same point on the mirror 254.

For example, 11 a physical round-trip distance and a
refractive index are 2 mm (approximately twice the thick-
ness of 1 mm of the VIPA 240) and 1.5, respectively, all
wavelengths at intervals of 100 GHz meet this condition. As
the result, the VIPA 240 can simultaneously compensate for
dispersion 1n all channels of multi-wavelength light.

Therefore, according to FIG. 15, 1f the thickness t 1s set to
the thickness of the FSR of WDM matching, the VIPA 240

and focusing lens 252 can perform the following operations.

(a) A wavelength component corresponding to the center
wavelength of each channel can be collected at the point

270 of the mirror 254.

(b) A wavelength component corresponding to the long
wavelength of each channel can be collected at the point

272 of the mirror 254.

(c) A wavelength component corresponding to the short
wavelength of each channel can be collected at the point

274 of the mirror 254.

Therefore, wavelength dispersion can be compensated for
in all the channels of multi-wavelength light using the VIPA
240.

FIG. 17 1s a graph showing the respective dispersion
amounts of several channels of multi-wavelength light 1n the
case where the thickness t 1s set to the thickness of the FSR
of WDM matching. As shown 1n FIG. 17, the same disper-
s1on 1s detected 1n all channels. However, the dispersion 1s
not continuous between channels. Furthermore, the wave-
length range of each channel, the dispersion in which the
VIPA 240 compensates for can be set by properly setting the
s1ze of the mirror 254.

FIGS. 18A and 18B are similar to FIG. 15 1n that they

show the travel direction of the long wavelength 264, center
wavelength 266 and short wavelength 268 of light emitted
by the virtual image 260 of the beam waist 262.

According to FIG. 18A, the mirror 254 1s convex. I a
convex mirror 1s used, beam shiit expands. Therefore, large
chromatic dispersion can be obtained at a short focal length
and at short intervals. If the mirror 254 1s convex, as shown
in FIG. 18A, convexity can be detected only from the side
and cannot be detected from the top.

According to FIG. 18B, the mirror 254 1s concave. I a
concave mirror 1s used, the sign of dispersion 1s inverted.
Therefore, abnormal dispersion 1s generated at a short focal
length and at short intervals. I the mirror 254 1s concave, as
shown 1n FIG. 18B, the concavity can be detected only from
the side and cannot be detected from the top.

Therefore, if the mirror 254 1s viewed from the top, it
appears to be planar. However, 1f the mirror 254 1s viewed
from side, 1t 1s convex or concave and 1t 1s one-dimensional.

In FIGS. 18A and 18B, the mirror 254 1s located at or near
the focal point of the focusing lens 252.

Therefore, as described above, for example, as shown 1n
FIGS. 18A and 18B, the mirror 254 can be convex or
concave 1f 1t 1s viewed from side. A convex mirror can
promote wavelength dispersion, while a concave mirror can
reduce wavelength dispersion or can invert 1t from negative
(normal) to positive (abnormal). More specifically, a convex
mirror can generate a large dispersion 1n the negative
direction, while a concave mirror can generate a small
dispersion 1n a positive direction or mvert dispersion posi-
tively. This phenomenon can be realized by the fact that the
strength of chromatic dispersion 1s equal to the function of
the curvature of a mirror that 1s viewed from side.
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FIG. 19 1s a graph showing the output angle of optical flux
of the VIPA 240 of the wavelength of the optical flux. As
clear from FIG. 19, wavelength against output angle 1s not
linear.

Since the relationship between wavelength and the output
angle of optical flux generated by a VIPA 1s not linear,
wavelength dispersion 1s not uniform in one wavelength
band, as long as a planar mirror, an ordinary convex mirror
or an ordinary concave mirror 1s used for the mirror 254. The
non-linearity of wavelength dispersion 1s considered to be
higher-order dispersion.

Generally, the non-linearity of wavelength dispersion of a
device shown 1n FIGS. 18A and 18B can be expressed as
follows.

(Angular dispersion)(1-f(1/R))oc wavelength disper-
S101

(3)

where

f: The focal length of a focusing lens 252, and
R: The radius of curvature of the mirror 254.

FIG. 20 1s a graph showing the angular dispersion of the
VIPA 240 of the wavelength of optical flux. Generally, the
curved line 284 shown 1n FIG. 20 shows the tilt of the curved
line 282 shown 1n FIG. 19. As clear from FIG. 20, angular
dispersion 1s not uniform. Instead, angular dispersion varies
with wavelength.

FIG. 21 1s a graph showing the portion (1-1-(1/R)) of
mathematical expression (3) of wavelength. More specifi-
cally, the straight line 286 i1s the graph of (1-1-(1R)) of
wavelength 1 the case of a concave mirror (the curvature
radius 1s “+7"). The straight line 290 1s the graph of (1-1-(1/
R)) of wavelength 1n the case of a convex mirror (the
curvature radius 1s “=""). As shown 1n FIG. 21, each mirror
has a specific radius of curvature.

FI1G. 22 1s a graph showing the wavelength dispersion of
the wavelength of a device as shown 1n FIGS. 18 A and 18B.
In this case, the mirror 254 1s a general spherical convex
mirror, plane mirror or spherical concave mirror. More
specifically, a curved line 292 represents the wavelength
dispersion of wavelength in the case of a convex mirror. A
curved line 294 represents the wavelength dispersion of
wavelength 1n the case of a plane mirror. A curved line 296
represents the wavelength dispersion of wavelength in the
case of a concave mirror.

Generally, each of the curved lines 292, 294 and 296
represents the respective production of the angular disper-
sion shown 1n FIG. 20 and a proper straight line shown 1n
FIG. 21 that 1s expressed by mathematical expression (3).
More specifically, generally, the curved line 294 represents
the product of the curved line 284 shown 1n FIG. 20 and the
straight line 286 shown in FIG. 21. Generally, the curved
line 294 represents the product of the curved line 284 shown
in FIG. 20 and the straight line 290 shown 1n FIG. 21. The
curved line 296 represents the product of the curved line 284

shown 1n FIG. 20 and the straight line 288 shown 1n FIG. 21.

As clear from FI1G. 22, even if a spherical convex mirror,
planar mirror or spherical concave mirror 1s used for the
mirror 254, wavelength dispersion 1s not uniform.

Such a wavelength dependency of wavelength dispersion
can be reduced or eliminated by chirping the curvature of the
mirror 254.

Furthermore, FIG. 23 1s a graph showing the curved line
298 of (1-1-(1/R)) of mathematical expression (3) of wave-
length. Generally, the curved line 298 shown 1n FIG. 23 1s
obtained by mverting the curved line 284 shown 1n FIG. 20.
Theretfore, as shown by the curved line 300 shown 1n FIG.
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24, a mirror with the characteristic shown in FIG. 23
generates uniform wavelength dispersion.

For example, FIG. 25 shows an example of the shape
(section) of a dispersion mirror in which the value of
mathematical expression (3) 1s constant and the wavelength
dispersion value 1s 2000 ps/nm. As clear from FIG. 25, the
shape of the mirror 1s a free curved plane. A VIPA and a
mirror are located in such a way that the angular dispersion
of the VIPA can be in parallel with this section. In this case,
in order to obtain a specific value (for example, -2000
ps/nm) of wavelength dispersion, it 1s acceptable 1f as shown
in FI1G. 26, the shape of the mirror takes the same shape (that
1s, cylindrical) 1n a direction perpendicular to this section.
However, since light 1s focused 1n the direction perpendicu-
lar to the section by a lens regardless of wavelength, there
1s no need for the distance in the direction perpendicular to
the section to be long.

In the preferred embodiments of the present invention
described above, practical and large wavelength dispersion
compensation can be made by using a VIPA with a large
angular dispersion. Dispersion 1n all the channels of multi-
wavelength light can also be simultaneously compensated
for by setting the thickness of the VIPA to the thickness of
the FSR of WDM matching. Furthermore, the wavelength
dependency of wavelength dispersion can be reduced, that
1s, wavelength dispersion can be made almost uniform by
forming the shape of a mirror into an optimal free curved
shape.

However, 1n the preferred embodiments of the present
invention described above, when light passes through a
device using a VIPA, the light takes a round top character-
1stic with a peak around the center wavelength 1in a continu-
ous transmission wavelength band, as shown in FIG. 5,
instead of a preferable flat wavelength transmittance char-
acteristic.

In order to improve this characteristic, the device using a
VIPA according to the preferred embodiment of the present
invention comprises means for generating optical path
deviation with a size varying depending on wavelength 1n a
direction perpendicular to an angular dispersion direction
generated by the VIPA 1n light returned to the VIPA after
being reflected ofl the free-curved-surface mirror described
above. In this case, the respective optical paths of a plurality
of pieces of light with a different wavelength each are 1n
parallel with one another.

FIG. 27 1s the top view of the device using a VIPA
generating the chromatic dispersion shown 1n FIG. 14. Each
straight line shown 1n FIG. 27 represents the optical axis
(after being reflected ofl a reflection mirror) of light with
cach wavelength. If a cylindrical mirror as shown 1n FIG. 26
1s used for a reflection mirror 1n the configuration shown 1n
FIG. 14, as shown 1n FIG. 27A, the respective optical axes
of a plurality of wavelengths output from an output fiber 309
are the same. When this optical axis and the optical axis of
the output fiber 309 are the same, the coupling efliciency
with the output fiber 1s maximized. Specifically, light input
from the output fiber 309 to a collimating lens 308 is
converted into parallel light by the collimating lens 308, 1s
collected 1n the shape of line by a cylindrical lens 307 and
1s 1put to a VIPA 306. Then, light with each wavelength to
which angular dispersion 1s applied by the VIPA 306, 1s
collected at a mirror 304 by a focusing lens 305. The light
collected at the mirror 304 1s reflected off the mirror 304, 1s
returned to the focusing lens 3035 and 1s mput to the
cylindrical lens 307 through the VIPA 306. The light is
converted into parallel rays by the cylindrical lens 307,
travels back to the collimating lens 308 and 1s coupled with
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the output fiber 309. In this case, light with each wavelength
1s coupled with the output fiber 309 with equal coupling
ciliciency. However, 1n this case, 1f as shown 1n FIG. 27B,
the respective optical axes of a plurality of pieces of light
cach with a different wavelength can be shifted by a respec-
tive amount according to wavelength in a direction perpen-
dicular to the optical axis, 1n parallel with one another,
angles 0,, 0, and 0, formed by the optical axis formed when
the light 1s mnput to the output fiber 309 and the optical axis
of the output fiber 309 vary depending on wavelength. If an
angle formed by the optical axis of light input to a fiber and
the axis of the fiber are different, the coupling efliciency of
light with the fiber degrades. This degradation amount 1n
coupling efliciency increases in proportional to the angle
deviation. Theretfore, 1n the device using a VIPA according
to the preferred embodiment, coupling efliciency with an
output fiber varies depending on wavelength. Specifically, a
preferable flat transmaission characteristic can be obtained by
controlling the optical path shit for each wavelength and
applying a characteristic, the reverse of the transmission
characteristic of a device using a VIPA obtained when there
1s no such an optical path shift (in such a way that the
coupling loss of light with high transmittance, of a device
using a VIPA can increase and the coupling loss of light with
low transmittance can decrease).

A specific means for generating the optical path deviation
1s described below using examples.

FIG. 28 shows the configuration of the preferred embodi-
ment of the present invention. In this preferred embodiment,
the optical path deviation 1s generated by modifying the
shape of the free-curved-surface mirror from a cylindrical
one to one where the shape also varies 1n a direction where
there 1s no shape change 1n the case of a cylindrical one. In
FIG. 28, the same reference numbers are attached to the
same constituent components as those shown in FIG. 27, and
their descriptions are omitted.

According to FIG. 28, a plurality of pieces of light each
with a different wavelength emitted 1n different directions by
a VIPA A, A, and A, are focused on different positions 301,
30 and 303, respectively of a mirror 304 by a focusing lens.
Reference numbers 301, 302 and 303 represent different
positions of the same mirror 304. Points, to which a plurality
of pieces of light each with a diflerent wavelength are
consecutively arrayed on a mirror and form straight lines 1n
the y direction in FIG. 28. However, the shape of the mirror
along those straight lines generates almost uniform wave-
length dispersion regardless of wavelength. Furthermore, a
reflection angle 1n the direction perpendicular to the angular
dispersion direction of a VIPA (reflection angle on the xz
plane shown i FIG. 28) can be changed depending on
wavelength by using a mirror in a shape, 1n which the tilt in
a direction perpendicular to this straight line (x direction
shown 1n FIG. 28) can change along this straight line (y
axis). This reflected light takes an optical path in parallel
with the travel direction of light output from the VIPA (z
direction shown in FIG. 28) and deviated in a direction
perpendicular to the angular dispersion direction (x direction
shown 1n FIG. 28) when returming to the VIPA after passing
through a focusing lens. In this way, optical path deviation
varying according to wavelength can be generated.

Although 1n FIG. 28, optical path deviation 1s generated
to the lower section of this figure, 1t can also be generated
to the upper section of this figure. Alternatively, each piece
of optical path deviation can be generated 1n a direction
varying according to wavelength, for example, one piece of
optical path deviation 1s generated upward by one wave-
length and another piece of deviation 1s generated downward
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by another wavelength. The point 1s that light 1s 1input to the
end of an optical fiber with an appropriate angle so that 1t can
be coupled with an optical fiber with an appropriate coupling
eiliciency.

FIG. 29 shows the coupling etliciency of light at the end
ol an optical fiber.

I1 light output from an optical fiber and light input to it are
both Gaussian beams, the coupling efliciency applied when
there 1s angle deviation in light returning to the optical fiber
can be expressed as follows.

N=K-exp[-K->0%(w *+w->" ) (27)]

where
I{:’q‘/{ (W I/WE +W I/WEE) }

w,: The beam waist radius of light output from an optical
fiber,

w,: The beam waist radius of light input from an optical

fiber,
A: Wavelength, and
0: Angle deviation amount.

For the details of the coupling of an optical fiber and light,
see “The Fundamentals and Applications of an Optical
Coupling System for Optical Devices” by Kenj1 Kono.

FIG. 30 shows the relationship between an angle devia-
tion amount and coupling efliciency. According to FIG. 30,
it can be found that 1f a coupling angle deviates by 2 degrees,
coupling efliciency degrades by 2 dB or more. FIG. 30
assumes that w,=w,=10 um and A=1.55 um.

FIG. 31 shows the relationship between mirror tilt and
coupling efliciency.

If 1n an optical system as shown in FIG. 31, the param-
cters are assumed to be as follows:

length of collimating lens £ =10 mm,
length of focusing lens { =80 mm, and

Focal

Focal
Tilt angle of mirror 0_=0.1°,

the horizontal deviation of an optical axis and the angle
deviation 0O of light returning to an optical fiber are approxi-
mately 0.28 mm and approximately 0.80°, respectively.
Therefore, 1n this case, coupling efliciency 1s approximately

02% (-0.35 dB).

FIG. 32A shows one example of the free-curved-surface
mirror generating optical path deviation varying depending
on wavelength that i1s used in this preferred embodiment.
The coordinate axes shown in FIG. 32A correspond to those
shown 1 FIG. 28. It 1s not dificult to produce such a
three-dimensional free-curved-surface mirror using the cur-
rent processing technology. Such a mirror can be produced
by processing a metal, such as aluminum, brass, etc., using
a three-dimensional processing machine with a diamond bat
and a precise movable stage. Since such a cutting-processed
mirror generally 1s very expensive, 1t 1s recommended to
produce the mirror by preparing a metal mold with the
inverted shape of a required shape, copying and molding 1t
into a mirror with plastics, low-melting point glass, sol/gel
glass, etc., and coating a metal, such as gold, aluminum, etc.,
or dielectric multi-film on the mirror. Besides, such a
three-dimensional shape can also be obtained by 10n beam
ctching and using resists with different thickness each.

FIG. 32B shows examples (calculation results) of the
respective transmission characteristics of a device using a
VIPA obtained when a transmission band is leveled using a
mirror in the shape shown in FIG. 32A and when the
conventional cylindrical mirror 1s used (before leveling). As
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shown 1 FIG. 32B, a round-top transmission characteristic
can be improved into a preferable flat characteristic using
such a mirror.

Although 1n the preferred embodiments described above,
the wavelength dispersion compensation amount generated
by a device using a VIPA 1s limited to one dispersion
compensation amount determined by the mirror shape 1n the
y direction shown in FIGS. 28 and 32 A, according to another
preferred embodiment of the present invention, another such
device can generate a plurality of wavelength dispersion
compensation amounts. Therefore, a device using a VIPA
producing a flat transmission characteristic when generating,
cach dispersion compensation amount can be realized.

FIG. 33 shows the configuration of another preferred
embodiment of the present invention. In FIG. 33, the same
reference numbers are attached to the same constituent
components as those shown 1n FIG. 27, and their descrip-
tions are omitted. According to FIG. 33, a mirror 310
comprises a plurality of areas (areas A and B). A mirror
shape along one straight line 1n parallel with angular dis-
persion direction generated by a VIPA (y direction) of each
area 1s designed to generate a diflerent dispersion compen-
sation amount. Furthermore, the t1lt 1n a direction perpen-
dicular to a straight line along the straight line of each area
(t1lt 1n the x direction along the y direction) 1s determined 1n
such a way that the transmission characteristic of the VIPA
1s flat when generating each dispersion compensation
amount. This preferred embodiment comprises a mechanism
for switching over the area of the mirror 310 used according
to a required dispersion compensation amount. Therefore, a
device using a VIPA generating a plurality of dispersion
compensation amounts and producing a flat transmission
characteristic can also be realized. Although 1n FIG. 33, the
mirror 310 comprises two arecas A and B, it can also
comprise three or more areas. FIG. 33 shows only the optical
axis of light with a specific wavelength A and a mirror shape
in a position that the light with this wavelength hits (shape
in the x direction).

For the mechamism switching the area of the mirror used,
for example, the mirror 310 can be mounted on a stage, and
the position of the mirror 310 can be mechanically shifted.
Since for such a stage, many known means can be used, their
detailed descriptions are omitted here.

Furthermore, according to another preferred embodiment
of the present mnvention, a device using a VIPA that can set
an arbitrary value 1n a specific range as a dispersion coms-
pensation amount and that generates a flat transmission
characteristic even 1f any dispersion compensation amount
in the specific range 1s set, can be realized.

FIG. 34 shows the configuration of such a preferred
embodiment. In FIG. 34, the same reference numbers are
attached to the same constituent components as those shown
in FIG. 33, and their descriptions are omitted. According to
FIG. 34, 1n this preferred embodiment, for the free-curved-
surface mirror, a shape-variable mirror forming an arbitrary
three-dimensional shape 1s used. The mirror shape 1s con-
trolled so as to meet the following requirements. Firstly, a
shape along one straight line in parallel with the angular
dispersion direction (y direction) generated by a VIPA, of
the mirror can generate a desired dispersion compensation
amount. Furthermore, the tilt 1n a direction perpendicular to
a straight line along this straight line (tilt 1n the x direction
along the y direction) can produce a flat VIPA transmission
characteristic when generating the dispersion compensation
amount. Controlling so as to form such a mirror shape, a tlat
output optical characteristic can be obtained when generat-
ing the arbitrary dispersion compensation amount.
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For a description of a shape-variable mirror, see the
specification of Japanese Patent Application No. 2001-
216415 as an example.

FIG. 35 shows the configuration of a system obtained by
combining a device using a VIPA provided with a shape-
variable mirror and a device monitoring the dispersion
characteristic and transmaission characteristic of light output
from the VIPA.

In this way, a system controlling a mirror shape 1n such a
way that the dispersion characteristic and transmission char-
acteristic of output light can always be optimal, can be
realized. Since 1n such a system, the intluence of the change
in the dispersion amount of a transmission line fiber due to
a change with the passage of time of environmental tem-
perature and the like cannot be neglected, such a system 1s
useful for a superhigh-speed fiber optic communication
system that always requires dispersion compensation.

In the system shown 1n FIG. 35, light received through a
fiber transmission line 400 1s output to the transmission line
400 through a device 401 using a VIPA with a shape-variable
mirror. Then, each of the monitor devices 402 and 403
monitors wavelength dispersion. Then, a device 404 con-
trolling the mirror shape converts the monitored value 1nto
a driving signal for the shape-variable mirror and supplies
the signal to the shape-variable mirror. In this way, the
wavelength characteristic of the VIPA 1s optimized.

Although 1n the preferred embodiments described above,
the tilt of a mirror 1n a direction perpendicular to an angular
dispersion direction generated by the VIPA generates the
optical path deviation of light returning to the VIPA, means
for generating such an optical path deviation 1s not limited
to this, and another means can also be used.

Although 1n the preferred embodiments described above,
by generating an optical path deviation with a size varying
according to wavelength, 1n parallel with the optical path of
light output from the VIPA 1n light returning to the VIPA,
coupling efliciency with an output fiber 1s modified depend-
ing on wavelength and wavelength 1s leveled, optical path
deviation 1n parallel with the light output from the VIPA 1s
not necessarily generated, and instead, angle deviation with
a size varying according to wavelength can be generated.
The coupling efliciency with the output fiber also degrades
due to angle deviation, and the wavelength characteristic can
be leveled accordingly.

In the preferred embodiment, output light, the wavelength
dispersion of which 1s compensated for, can be extracted by
iserting the same circulator as shown 1n FIG. 1 1n front of
the fiber shown 1n FIG. 4.

In the preferred embodiment of the present invention, the
VIPA also has a retlective film in order to retlect light. For
example, FIG. 8 shows a VIPA 76 with reflective films 122
and 124 for reflecting light. However, the use of a VIPA 1s
not required to have a film in order to provide a retlector
plane. Although a VIPA has to have an appropriate reflector
plane, the plane need not be a film.

In the preferred embodiment of the present invention, the
VIPA also comprises a transparent glass plate for generating
multiple reflection. For example, FIG. 8 shows the VIPA 76
provided with a transparent glass plate 120 having reflective
films. However, the separation of reflective films 1n the VIPA
76 1s not limited to the use of a glass maternal or an arbitrary
type of plate. Instead, the reflective films can be separated by
a type of spacer. For example, the retlective films of the
VIPA can be separated by “air” instead of inserting a glass
plate. Therefore, 1t can be described that the reflective film
1s separated by a transparent material, such as optical glass,
air and the like.
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The operation of a VIPA varies depending on the refrac-
tive index and thickness of the material inserted between the
reflector planes of the VIPA. Furthermore, the operating
wavelength of the VIPA can also be accurately adjusted by
controlling the temperature of the VIPA.

As described above, according to the preferred embodi-
ment of the present mvention, a device generating almost
uniform wavelength dispersion regardless of wavelength
and simultaneously performing the compensation of wave-
length dispersion actually accumulated 1n an optical fiber 1n
the multi-wavelength area of a multi-channel can be pro-
vided and a desired wavelength characteristic of transmit-
tance can be obtained. Therefore, i the preferred embodi-
ments of the present invention, the configuration 1s not
limited to a specific one. For example, a VIPA can also have
a radiation window, and the reflection on each surface of a
VIPA 1s not limited to a specific example.

Although 1n the preferred embodiments described above,
examples of positively applying wavelength dispersion are
given, the present invention can also be used as a transmis-
sion-band filter device for multi-wavelength channel pro-
viding a desired transmission wavelength characteristic in
the multi-wavelength of a multi-channel assuming that
wavelength dispersion 1s almost zero. For example, the
wavelength characteristic of a device with a non-tlat trans-
mission wavelength characteristic, such as an array
waveguide type multiplexer/demultiplexer (AWG) and the
like can also be improved. In particular, the preferred
embodiment shown in FIG. 31 can be used as a variable
transmission-band filter device for a multi-wavelength chan-
nel, and the wavelength characteristic of a device with any
transmission wavelength characteristic can be improved.

According to the present invention, the shape of the
wavelength characteristic of a dispersion compensator with
a VIPA can be modified from a round-top shape to a flat
shape easily and at low cost.

What 1s claimed 1s:

1. A device, comprising:

a virtually-imaged phased array (VIPA) with a plurality of
transmission areas receiving/outputting light, receiving
from an optical fiber an mput light having different
wavelengths via the transmission areas of the VIPA,
dispersing the input light to produce output light angu-
larly dispersed 1n a first plane at an angle based on the
wavelengths of the input light and an interference order
by multiple reflection in the VIPA;

a lens collecting the output light generated by the VIPA;

a mirror having a shape to allow application of almost
uniform wavelength dispersion to the output light from
the VIPA regardless of wavelength, returning the output
light to the lens so that the output light of the interfer-
ence order 1s returned to the VIPA with a returning
angle 1n a second plane substantially perpendicular to
the first plane, the returning angle corresponding to a
coupling efliciency with the optical fiber to flatten
transmission wavelength characteristics, and the output
light being returned to the optical fiber via the trans-
mission areas of the VIPA.

2. The device according to claim 1, wherein said genera-
tion of the optical path deviation with the size varnation 1s via
a mirror having a shape so as to apply a diflerent reflection
direction to each of a plurality of pieces of light with a
different wavelength collected at a different position on the
mirror by the lens 1n a direction perpendicular to the angular
dispersion angle of the VIPA.

3. The device according to claim 2, wherein said mirror
comprises
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a plurality of areas, each generating a different wave-
length dispersion, and having a shape so as to apply a
different reflection direction to each of a plurality of
pleces of light with a diflerent wavelength for each area
in a direction perpendicular to the angular dispersion
direction of the VIPA for spatially moving the muirror,
and provides each of the plurality of pieces of light with
a desired transmission wavelength characteristic by
different wavelength dlsperswn by reflecting the light
on a different area on the mirror.

4. The device according to claim 1, wherein

an optical path deviation with a different size 1n a direc-
tion perpendicular to the angular dispersion direction of
the VIPA 1s generated by a shape-variable mirror 1n a
shape so as to apply a different retlection direction to
cach of the plurality of pieces of light with a different
wavelength collected at a different position on the
mirror by the lens, 1mn a direction perpendicular to the
angular dispersion direction of the VIPA, comprising a
portion arbitrarily transforming the shape and means
for controlling the shape,

said mirror arbitrarily moditying wavelength dispersion
and providing a desired transmaission characteristic by
moditying the optical path deviation amount in each
wavelength dispersion.

5. A device, comprising:

a virtually-imaged phased array (VIPA) with a plurality of
transmission areas receiving/outputting light, receiving
input light with each wavelength 1n a continuous wave-
length range through each transmission area, dispersing
the light at an angle varying depending on wavelength
by multiply reflecting the input light, making a plurality
of input light rays interfere with one another and
generating output light spatially distinguishable from a
light generated using 1n put light with another wave-
length 1n the continuous wavelength range;

a lens collecting the output light generated by the VIPA
with an output angle varying depending on wavelength
at a position varying depending on wavelength;

a mirror having a shape to allow application of almost
uniform wavelength dispersion to the light output from
the VIPA 1n an angular dispersion direction generated
by the VIPA regardless of wavelength, reflecting and
returning the collected light to the lens that returns the
reflected light to the VIPA, receiving the output light
returned by the lens and reflected by the VIPA, multiply
reflecting the output light 1n the VIPA and outputting
the light from the VIPA through the plurality of trans-
mission areas;

a monitoring device that monitors the dispersion charac-
teristic and wavelength characteristic of output light,
said momtoring device reflecting a monitor result 1in a
mirror shape and controlling the mirror shape 1n such a
way to provide optimal dispersion characteristic and
transmission characteristic, and

wherein an optical path deviation 1s generated with a size
variation based on wavelength 1n a direction perpen-
dicular to the angular dispersion direction generated by
the VIPA for each wavelength 1n the continuous wave-
length range of the light returned to the VIPA from the
MIrror,

a desired transmission wavelength characteristic 1s pro-
vided by coupling output light with an optical fiber
having coupling efliciency varying depending on wave-
length,

an optical path deviation with a different size 1n a direc-
tion perpendicular to the angular dispersion direction of
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the VIPA 1s generated by a shape-variable mirror 1n a
shape so as to apply a different retlection direction to
cach of the plurality of pieces of light with a different
wavelength collected at a different position on the
mirror by the lens, 1n a direction perpendicular to the s
angular dispersion direction of the VIPA, comprising a
portion arbitrarily transforming the shape and means
for controlling the shape, and

said mirror arbitrarily modifying wavelength dispersion
and providing a desired transmission characteristic by 10
moditying the optical path deviation amount in each
wavelength dispersion.

6. A device, comprising:

a virtually-imaged phased array (VIPA) receiving a sub-
stantially parallel input light from an optical fiber, 15
emitting part of the mput light during each reflection
and generating an optical flux with a propagation
direction varying depending on wavelengths of the
mput light by generating an angular dispersion to
produce the optical flux 1n a first plane at an angle based 20
on wavelengths of the input light and an interference
order by multiple retlection in the VIPA;

a mirror reflecting the optical flux output from the VIPA,
inputting the optical flux of the interference order to the
VIPA with a returning angle 1n a second plane substan- 25
tially perpendicular to the first plane, the returning
angle corresponding to a coupling efliciency with the
optical fiber to flatten transmission wavelength charac-
teristics; and returning the optical flux via the trans-
mission arcas of the VIPA to the optical fiber. 30

7. The device according to claim 6, wherein said coupling
clliciency modification includes realizing a shape of a retlec-
tion plane of said mirror by retlecting the optical flux input
to the mirror to retlect the optical flux 1n a direction outside
the angular dispersion direction of the VIPA. 35

8. The device according to claim 7, wherein the shape of
the retlection plane of a mirror 1s modified by a difference in
a propagation delay applied to the optical flux.

9. The device according to claim 8, wherein said mirror 1s
produced by uniting a plurality of mirrors each with a 40
different retlection plane.

10. The device according to claim 8, wherein the shape of
the reflection plane of said mirror can be modified as
requested.

11. A device, comprising;: 45

a virtually-imaged phased array (VIPA) receiving col-
lected light, emitting part of the light during each
reflection and generating optical flux with a propaga-
tion direction varying depending on wavelength by
generating angular dispersion by interference with the 50
emitted light rays;

a mirror reflecting the optical flux output from the VIPA
in a prescribed direction inside the angular dispersion
direction for each wavelength, inputting the optical flux
to the VIPA and applying specific propagation delay for 55
cach wavelength when the optical flux 1s output from
the VIPA, a shape of a reflection plane of a mirror being
modified by a difference 1n a propagation delay applied
to the optical flux and as requested; and

where efliciency modification 1s coupled for applying 60
optical path deviation varying depending on wave-
length to the optical flux reflected ofl the muirror,
moditying coupling efliciency in the case where the
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optical flux 1s output from the VIPA and is coupled at
an optical fiber by adjusting the angle of optical flux
iput to the optical fiber, and said coupling efliciency
modification including realizing a shape of a reflection
plane of said mirror by reflecting the optical flux input
to the mirror to reflect the optical flux 1n a direction
outside the angular dispersion direction of the VIPA,
and

the shape of said mirror 1s modified 1n accordance with a
result of monitoring the influence of wavelength dis-
persion on an optical signal after the signal i1s output
from said device and propagates through an optical
{iber.

12. A method of compensating chromatic dispersion using

a virtually-imaged phased array (VIPA) with a plurality of
transmission areas, comprising:

recerving Irom an optical fiber an mmput light having
different wavelengths across each of the plurality of
transmission areas of the VIPA;

dispersing the mput light to produce output light angularly
dispersed 1n a first plane at an angle based on the
wavelengths of the input light and an interference order
by multiple reflection of the mput light 1n the VIPA;

returning the output light of the interference order to the
VIPA with a returning angle 1n a second plane substan-
tially perpendicular to the first plane, the returning
angle corresponding to a coupling efliciency with the
optical fiber to flatten transmission wavelength charac-
teristics; and

returning the output light through the plurality of trans-
mission areas to the optical fiber.

13. A method of generating chromatic dispersion using a

virtually-imaged phased array (VIPA) having transmission
areas, comprising:

recerving from an optical fiber an mmput light having
different wavelengths via the transmission areas of the
VIPA;

dispersing the input light to produce output light angularly
dispersed 1n a first plane at an angle based on the
wavelengths of the input light and an interference order
by multiple reflection in the VIPA;

returning the output light of the interference order to the
VIPA with a returning angle 1n a second plane substan-
tially perpendicular to the first plane, the returming
angle corresponding to a coupling efliciency with the
optical fiber to flatten transmission wavelength charac-
teristics; and

returning the output light via the transmission areas of the
VIPA to the optical fiber.

14. A device for generating a chromatic dispersion, com-

prising:

a virtually-imaged phased array (VIPA) having transmis-
s1on areas receiving an mput light and producing a first
output light with a first angular dispersion dependent on
wavelength 1n a first plane; and

a mirror reflecting the first output light with a substan-
tially similar interaction order onto the virtually-1m-
aged phased array to produce a second output light with
a second angular dispersion dependent on the wave-
length 1n a second plane perpendicular to the first plane.
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